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Dr Sheikhbjective: Concern over neurologic injury limits safe duration of deep hypothermic
irculatory arrest (DHCA) in surgery for congenital cardiac disease. Proteomics is
novel and powerful technique to study global protein changes in a given protein
ystem. Using a neonatal model of cardiopulmonary bypass with DHCA, we sought
o characterize the protein changes associated with DHCA brain injury.
ethods: Ten neonatal piglets were randomized to cardiopulmonary bypass with
HCA or sham operation. DHCA animals underwent induction of bypass (100 mL ·
g1 · min1), cooling to 18°C, then DHCA for 60 minutes. Animals were rewarmed
o normothermia, weaned from bypass, and harvested after 30 minutes off bypass. Sham
nimals underwent sternotomy without further instrumentation. Plasma samples were
aken before bypass and before harvest. Proteins differentially expressed in the cerebral
eocortex between the 2 groups were determined by 2-dimensional differential gel
lectrophoresis using fluorescent cyanine dyes and mass spectrometry. A second group
f 4 piglets were similarly randomized and, after the experiment, tissues underwent
erfusion-fixation for histologic examination.
esults: Cardiopulmonary bypass with DHCA caused extensive histologic and
ltrastructural cerebral injury. Proteomic analysis of cerebral cortex found 10
rotein spots to be differentially expressed; 9 were identified by mass spectrometry
o represent 6 proteins, including apolipoprotein A-1, neurofilament-M protein, and
nolase. Decreased expression of plasma apolipoprotein A-1 was found in DHCA.
onclusions: The acute protein changes associated with cerebral injury in a neonatal
odel of cardiopulmonary bypass with DHCA have been characterized. These may
irect further research aimed at attenuating injury seen from cardiopulmonary
ypass with DHCA.
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Deep hypothermic circulatory arrest (DHCA) re-
mains an important technique in the repair of com-
plex congenital cardiac defects. Despite advances
n neuroprotective strategies, concerns continue over brain
njury sustained during DHCA that may manifest early or
ate. These may range from overt deficits such as seizures
nd choreoathetosis to more subtle neurodevelopmental
nes such as impaired psychomotor function.1,2 Selective
ulnerability of brain regions is seen; neocortex and hip-
ocampus have been found to be most vulnerable.2,3 Dif-
erent processes contribute to the neuronal injury seen with
HCA: ischemia and reperfusion, inflammatory response to
ardiopulmonary bypass (CPB), hypothermia, and rewarm-
ng. The molecular mechanisms responsible for the neuro-
al injury are still being elucidated with a hope of leading to
uccessful neuroprotective strategies.4,5
Proteomics is a rapidly evolving set of technologies that
llows protein expression to be examined globally in any
iven system. With the use of 2-dimensional gel electro-
horesis and appropriate protein labeling, thousands of pro-
eins can be resolved and relative protein abundances de-
ermined. Proteins whose level of expression are found to
hange in the experimental or disease states can be excised
rom gels and, through sensitive and accurate mass spectro-
etric analysis, be identified.6 Proteins that have never been
reviously characterized may, in this way, be discerned.
ifferential gel electrophoresis is a form of proteomic anal-
sis that uses covalent labeling of proteins with 3 fluores-
ent cyanine ester protein dyes (Cy2, Cy3, and Cy5), which
re detected by their independent excitation and emission
pectra. This allows experimental and control animal sam-
les to be fractionated concurrently, along with an internal
ontrol, on each gel. As well as being highly sensitive, the
se of the internal control eliminates intergel variations and
llows gels to be standardized accurately to one another,
Abbreviations and Acronyms
apoA1  apolipoprotein A-1
CHMP4b charged multivesicular body protein 4b
CPB  cardiopulmonary bypass
CSF  cerebrospinal fluid
DHCA  deep hypothermic circulatory arrest
IPG  immobilized pH gradient
MALDI matrix-assisted laser desorption ionization
MS mass spectrometry
MW molecular weight
NFH  heavy-chain neurofilament protein
NFL  light-chain neurofilament protein
NFM medium-chain neurofilament protein
NSE  neuron-specific enolase
TOF  time of flighthereby greatly enhancing statistical accuracy.7 t
The Journal of ThoracicWe undertook this novel approach in a preliminary
ttempt to elucidate the molecular basis for neonatal cere-
ral injury in CPB with DHCA at the protein level. Em-
loying differential gel electrophoresis proteomic analysis,
e sought to determine the protein changes that occur
cutely in neonatal cerebral cortex after CPB with DHCA,
y examining all the protein changes globally for those that
nderwent significant change in expression. This character-
zation may uncover novel proteins in the pathogenesis of
rain injury and could lead to new potential molecular
argets in neuroprotection. For this initial study we con-
rolled for anesthesia and surgical instrumentation.
ethods
nimal Preparation
ll animals received humane care in compliance with the “Guide
or the Care and Use of Laboratory Animals” prepared by the
ational Academy of Sciences and published by the National
nstitutes of Health, revised in 1996. The experimental protocols
or the individual studies were approved by Duke University’s
nstitutional Animal Care and Use Committee.
The study was accomplished in 2 stages. In the first stage, the
roteomic changes in the brain were characterized after 1 hour of
HCA. Ten Yorkshire 1-week-old piglets (weighing 2.5-3.0 kg)
ere randomized to CPB with DHCA or to a sham operation
onsisting of sternotomy to serve as controls. Piglets were sedated
ith intramuscular acepromazine (1.1 mg/kg), followed by intra-
enous ketamine (22 mg/kg) administered via a cannula inserted
nto the marginal vein of the ear. Orotracheal intubation was
erformed with a 3.0-mm endotracheal tube and ventilation was
dministered (Bird 8400ST Ventilator, Bird Products Corporation,
an Diego, Calif) at 25 breaths/min, tidal volume 50 mL, admin-
stering isoflurane at 2% and oxygen at 40%, adjusted appropri-
tely to maintain arterial blood oxygen tension at 200-300 mm Hg
nd carbon dioxide tension at 35-45 mm Hg. A recirculating water
attress and heating lamps were used to maintain animal temper-
ture at 36°C to 37°C. The femoral artery was cannulated with a
0F-gauge cannula. Esophageal temperature, blood oxygen satu-
ations, electrocardiogram, and arterial waveform were monitored
ontinuously.
PB and DHCA
ardiac exposure was through a median sternotomy. Systemic
eparin was administered to both groups (300 IU/kg). Sham-
perated animals had no further instrumentation, and temperature
as maintained at 37°C. DHCA animals were cannulated for CPB.
10F pediatric arterial cannula (DLP Inc, Grand Rapids, Mich)
as placed into the ascending aorta, with a 20F single-stage
enous cannula inserted into the right atrium through polypro-
ylene purse-string sutures. CPB was instituted at a flow of
00 mL · kg1 · min1. The pump-oxygenator system consisted of
nonpulsatile roller pump (Stockert Shiley, Irvine, Calif) and a
ollow-fiber membrane oxygenator (Minimax PLUS; Medtronic
nc, Minneapolis, Minn). No arterial filter was used. The circuit
as primed with 500 mL of heparinized fresh blood from a donor
ig. Ringer’s lactate and sodium bicarbonate solutions were added
o the prime to achieve a hematocrit value of 0.25 and a pH of 7.4
and Cardiovascular Surgery ● Volume 132, Number 4 821
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Dt 37°C. The temperature of the perfusate was controlled with the
ntegral heat exchanger in the venous reservoir of the oxygenator
nd a water bath system (BIO-CAL 370; Medtronic BioMedicus,
den Prairie, Minn).
Piglets were actively cooled to a core temperature of 18°C over
0 minutes and maintained at full CPB flow at 18°C for another
0 minutes to ensure uniform cooling. Ice cold saline slush was
laced in the pericardial cavity to help prevent rewarming of the
nimal, and ice was packed around the head. Cardioplegia was not
sed. Blood gases were managed throughout cooling and rewarm-
ng according to the alpha-stat strategy. DHCA was established by
lamping the arterial and venous cannulas. After 60 minutes of
HCA, perfusion was re-established at 100 mL · kg1 · min1 and
iglets were rewarmed to 37°C over 30 minutes. On reaching
ormothermia, CPB was continued for 15 minutes more to ensure
ll animals were fully rewarmed and allow temperature stabiliza-
ion. Animals were weaned from CPB and maintained off bypass
or an additional 30 minutes. No animal required inotropic or
asopressor support during this time. In summary, the timeline for
HCA piglets was as follows:
30-minute CPB cooling phase→ 1 hour DHCA
→ 45 minutes of CPB rewarning→ 30 minutes off CPB.
Sham-operated animals were maintained anesthetized with the
hest open for an equal duration to the DHCA animals.
Blood samples were collected in ethylenediaminetetraacetic
cid tubes after heparinization (baseline sample) and just before
issue harvest (postprocedure sample), centrifuged at 2000 rpm for
0 minutes, and the plasma snap frozen in liquid nitrogen. For
rain harvest, piglets were turned prone. The skull vault was
ccessed by lifting the skin and cranium completely (Stryker
utopsy 810 saw; Thermo Electron Corporation, Waltham, Mass).
he brain was carefully excised and washed in saline before a 5 
 5–mm block of cortex was excised from the medial end of the
recentral gyrus of the right cerebrum and snap frozen in liquid
itrogen before storage in a freezer at 80°C for subsequent
roteomic analysis. The precentral gyrus was chosen because it is
eadily and reproducibly identifiable in the piglet.
reparation for Electron Microscopy: Perfusion
ixation of the Brain
n the second stage of the study, brain histologic and ultrastructural
hanges associated with DHCA were examined as a correlate to
he protein changes. Four piglets were randomized to DHCA or
ham operation, as described. At the conclusion of the study,
nimals for electron microscopic studies underwent perfusion tis-
ue fixation with Karnovsky fixative, a hyperosmolar combined
ormaldehyde-glutaraldehyde fixative, delivered via the aortic can-
ula. Sham-operated animals were therefore also cannulated be-
ore tissue harvest. Karnovsky fixative was prepared as previously
escribed.8 After exsanguination of the animal via the venous
annula, 1 L of heparinized saline (10,000 IU heparin sulfate in 1 L
ormal saline) was infused via the aortic cannula to flush the
irculation, followed by 1 L of Karnovsky fixative, using a pres-
ure bag to achieve a systemic arterial pressure of 50 mm Hg. The
rain specimen was then harvested as described. The samples were
tored in Karnovsky fixative. s
22 The Journal of Thoracic and Cardiovascular Surgery ● Octoroteomics Analysis
Protein separation: two-dimensional electrophoresis. Fifty
illigrams of piglet neocortex was homogenized in 1 mL of
5-mmol/L DHPC lysis buffer (Appendix E1). Ultrasound soni-
ation, to enhance membrane lysis and solubilization of membrane
roteins, was also used. Plasma samples (15 L) were prepared
ith albumin and immunoglobulin G removal kit (GE Healthcare,
iscataway, NJ). The resulting pellet was resuspended in lysis
uffer (Appendix E1).
For brain tissue, each gel consisted of 3 samples run concur-
ently: 1 DHCA animal sample, 1 control animal sample, and 1
nternal control. Five gels were therefore prepared. To create the
nternal control, we pooled equivalent amounts of all the brain
amples in the experiment. Labeling with the fluorescent cyanine
yes was as follows: internal control, Cy2 (blue); experimental
nimal, Cy3 (green); control animal, Cy5 (red). For blood samples,
gels were prepared; each gel consisted of both baseline sample
Cy3) and postprocedure sample (Cy5) for the same animal
nd internal control (mix of all plasma samples, Cy2) loaded in
ach gel.
Total protein, 120 g, from each sample was labeled with 400
mol/L of Cy dyes for 30 minutes at 4°C in the dark. The internal
ontrol sample was labeled similarly after combining 60 g from
ach animal brain lysate or of plasma to prepare a single solution.
he labeling reaction was stopped by adding 1 L (10 mmol/L
tock) lysine (Sigma Aldrich, St Louis, Mo). The samples were
omplemented with equal amounts of 2X buffer (Appendix E1) for
5 minutes. The 3 samples (Cy2, Cy3, Cy5) to be run on a single
el were then combined (250 L) and applied to immobilized pH
radient (IPG) strips (13 cm, pI ranges 4-7 for brain and 3-10 for
lasma; Immobiline DryStrip; GE Healthcare). After active rehy-
ration (30 V for 14 hours), IPG strips underwent isoelectric
ocusing with an Ettan IPGphor II IEF system (GE Healthcare) for
total of 28 kVh. After equilibration with dithiothreitol followed
y iodoacetamide, the IPG strips were placed on 12% homoge-
eous polyacrylamide gels (4% stacking) for the second dimen-
ion. Each sodium dodecylsulfate–polyacrylamide gel electro-
horesis was run at 9 mA for 16 hours in a Hoefer SE-600 system
Hoefer Scientific Instruments, San Francisco, Calif).
Gel scanning and statistical analysis. The Cy2, Cy3, and Cy5
omponents of each gel were scanned with mutually exclusive
xcitation/emission wavelengths (Typhoon 9410 Variable Mode Im-
ger, GE Healthcare). A visible protein stain, Coomassie Brilliant
lue G-250 stain (BioRad, Hercules, Calif), was applied to allow
isual inspection of the protein spots. DeCyder 5.0 (GE Health-
are) differential analysis software was used for protein spot
etection, quantitation, spot matching, and statistical analysis. All
els were standardized with the internal control (Cy2) images.
tatistical analysis was performed by the unpaired Student t test
or the brain tissue, comparing the standardized volume of each gel
pot in the DHCA animals against the corresponding spot in the
ham-operated animals. A paired t test was used for blood analysis,
omparing postprocedure spots of each DHCA animal to its own
aseline spots. A robotic spot cutter (Ettan Spot Picker; GE
ealthcare) excised 2-mm gel plugs from the selected protein
pots for mass spectrometry (MS) analysis.
Protein identification: MS. The identity of the proteins in theelected spots was determined using MS. Matrix-assisted laser
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Desorption ionization (MALDI) time of flight (TOF) MS was
erformed in conjunction with tandem MS (MS/MS; Michael
ooker Proteomics Core Facility, University of North Carolina,
hapel Hill, NC). In brief, MALDI-MS and MALDI-MS/MS data
ere acquired using an ABI Voyager 4700 MALDI-TOF/TOF
ass spectrometer (Applied Biosystems, Inc, Foster City, Calif).
he 8 most intense peaks with a signal-to-noise ratio greater than
5 were selected automatically for MS/MS analysis. The peptide
ass fingerprinting and sequence tag data from the TOF/TOF were
valuated with GPS Explorer scores (Applied Biosystems). MS/MS
pectra were submitted to the National Center for Biotechnology
nformation database to generate ion scores via the Mascot search
ngine (Matrix Science Inc, Boston, Mass).9
Brain tissue histologic and ultrastructural examination.
arnovsky-fixed brain tissue blocks were bisected and prepared
eparately for light and transmission electron microscopic exami-
ation. Light microscopy specimens were dehydrated through
thanol and xylene baths and embedded in paraffin wax. Five-
icrometer sections were cut and stained with hematoxylin and
osin. For electron microscopy, tissue was dissected for the neo-
ortex and prepared as has been previously described.8 A mini-
um of 6 grids were prepared per animal with 1 or 2 sections per
rid. They were carbon coated in an Edwards AUTO 306 vacuum
vaporator (BOC Edwards, Wilmington, Mass) and viewed in a
hilips CM 12 electron microscope (FEI Company, Hillsboro,
re). With blinding to the perfusion protocol, each grid was
iewed in its entirety, and representative areas were photographed
nd reviewed.
tatistical Analysis
erioperative variables were analyzed by repeated-measures anal-
sis of variance and the unpaired Student t test. For proteomic
nalysis, statistical analysis was performed with DeCyder 5.0
oftware described above.
esults
here were no operative deaths. Mean arterial blood pres-
ure increased in the DHCA animals after arrest (40  5.5
o 54  16.8 mm Hg), while decreasing in the controls
44  3.5 to 37  3 mm Hg), reflecting a hyperdynamic
irculation after DHCA. There were no other significant
ifferences in perioperative variables between the 2 groups
Table E1).
rain Proteomics
 mean of 2160  123 spots were detected. Figure 1 shows
representative gel. Eight protein spots were found to have
tatistically significant (P  .05) differential expression
etween the groups (Table 1). A further 2 spots achieved
orderline statistical significance. Nine of these total 10
pots were successfully and unambiguously identified by
S. Five different proteins were found to account for the 8
tatistically significant spots; apolipoprotein A-1 (apoA1)
recursor and neurofilament triplet M protein (fragment)
ere both responsible for 2 spots each. The other proteins ofignificance were neuron-specific enolase (NSE), charged s
The Journal of Thoracicultivesicular body protein 4b (CHMP4b), and a hypothet-
cal chaperone protein. The hypothetical protein represents
theoretical protein product yet to be characterized but the
xistence of which has been deduced from the genomic
atabase. The 2 gel spots that achieved borderline signifi-
ance (P  .057 and P  .069) were identified as the same
rotein, protein disulfide-isomerase. Of these total 9 protein
pots that were successfully identified, the level of expres-
ion was found to increase in 5 (neurofilament triplet M
rotein fragment [2 spots], hypothetical chaperone protein,
rotein disulfide-isomerase [2 spots]), increases ranging
rom 17% to 77%, and to decrease in 4 (apoA1 [2 spots],
SE, and CHMP4b), decreases ranging from 15 to 47%.
Observed molecular weight (MW) of the proteins of
nterest were also calculated as part of the DeCyder analy-
igure 1. Example of a 2-dimensional differential gel electro-
horesis of brain neocortex. The Cy2 (internal control) image is
hown including identification numbers for the protein spots of
nterest. A typical 3-dimensional representation of a protein gel
pot, as analyzed and displayed by DeCyder software, is shown
elow the gel, taking apoA1 as an example. The Cy5 (sham)
rotein image is on the left and the Cy3 (DHCA) image on the right.
t can be seen there is a decrease of apoA1 peptide in the DHCA
nimal.is. Both apoA1 peptides had observed MWs half of the
and Cardiovascular Surgery ● Volume 132, Number 4 823
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Darent precursor protein (apoA1 precursor): 15.4 kDa and
5.3 kDa (theoretical 30.3 kDa). This suggests a post-
ranslational modification whereby these 2 proteins of in-
erest represent fragments of the apoA1 precursor. The
xpression of both of these fragments, as mentioned above,
as reduced in DHCA animals. The other proteins had similar
Ws to their predicted values (with theoretical MWs from
rotein databases): neurofilament triplet M protein fragment
1.8 kDa and 53.8 kDa (59.9 kDa); enolase 44.7 kDa
47.1 kDa); CHMP4b 28.8 kDa (24.9kDa), and protein
isulfide-isomerase 57.3 kDa and 56.8 kDa (56.7 kDa). The
ypothetical chaperone protein had an MW of 58.9 kDa
theoretical MW 56.7 kDa).
lasma Proteomics
wo spots were found to have statistically significant ex-
ression change after DHCA. Both of these spots were
dentified as apoA1 precursor and showed a mean 1.89-fold
47%) decrease in level of expression (2.01  0.39 and
.75 0.31-fold decrease; database accession ID: A46018).
istology
Light microscopy. Representative light micrographs are
hown in Figure 2. Control piglets showed a normal neu-
opil architecture and healthy cells. DHCA piglets displayed
xtensive destruction of the neuropil. Vacuolations in the
europil were widespread, with loss of neuronal cells, axons,
s well as glial and astroctye cells. Both neuronal and glial
ells exhibited swollen and karyolytic nuclei. Capillary en-
othelial cells at the surface of the brain appeared intact, but
ndothelial cell nuclei of deeper capillaries were swollen.
erivascular edema was noted around these capillaries.
Electron microscopy. Healthy cellular ultrastructure was
ABLE 1. Cerebral neocortex proteomics analysis
el spot number Protein identification
2124 Apolipoprotein A-1 precursor
2132 Apolipoprotein A-1 precursor
1294 Neurofilament triplet M protein fragment
1306 Neurofilament triplet M protein fragment
1437 Neuron-specific enolase
1754 Charged multivesicular body protein 4b (CHMP4
1215 Hypothetical protein chaperone
1239 Protein disulfide-isomerase
1248 Protein disulfide-isomerase
rotein spots depicted were statistically significant by the Student unpair
olumes to corresponding control spot volumes after standardization to th
 .057 and .069). *The protein accession number is obtained from publi
r Swissprot (http://us.expasy.org). †Average ratio change, also known as f
re displayed in the range of to1 for decreases in expression and
ratio of 2.0 is a 2-fold increase and 2.0 is a 2-fold decrease. ‡The ave
atio change of x, this is calculated as (x  1) · 100 to give percentage inc
ive the percentage decrease.een in control piglets. DHCA animals displayed extensive fi
24 The Journal of Thoracic and Cardiovascular Surgery ● Octoellular and ultrastructural injury. Axons and dendrites ap-
eared swollen in the DHCA animals (Figure 2). Both
eurons and glia exhibited marked swelling of the nuclei
nd cytoplasmic organelles. Almost universally, mitochon-
ria showed high-amplitude swelling in the DHCA piglets.
ome mitochondria also displayed flocculent densities;
hese are indicative of severe injury. Ribosomal scattering,
pattern wherein ribosomes, which are normally attached to
ndoplasmic reticulum, become dispersed in the cytoplasm,
as present. Plasma membrane breaks were visible in some
ells; this is indicative of irreversible cellular injury. Cap-
llary endothelial cells were intact, but some endothelial
ells exhibited nuclear swelling.
iscussion
rain injury after DHCA is multifactorial10,11; global isch-
mia, reperfusion, inflammatory and embolic effects of
PB, hypothermia, and rewarming all play a role, which
akes determination of key responsible mechanisms diffi-
ult. Cerebral apoptosis as well as necrosis is seen after
HCA.3,12 Much work has been done to elucidate the key
olecular mechanisms and thereby identify suitable targets
or neuroprotection: for example, mitogen-activated protein
inases,4 nitric oxide,13 hypoxia inducible factor,5 throm-
oxane A2-receptor,14 and apoptotic proteins such as caspase-3
nd cytochrome c.12 However, no pharmacologic agents
ave as yet been shown to have a beneficial effect on
eurodevelopment, and the search for novel therapeutic
argets continues.
In a neonatal model of CPB with DHCA, which exhibits
emonstrable histologic and ultrastructural damage to the
erebral neocortex, we have characterized the associated
cute protein changes. The light and electron microscopic
rotein accession number* Average ratio change† Percent change‡
A46018 1.59 0.36 37%
A46018 1.89 0.39 47%
QFPGM 1.77 0.31 77%
QFPGM 1.52 0.33 52%
NOHUG 1.18 0.29 15%
AAH11429 1.39 0.32 28%
Q9BU08 1.59 0.33 59%
CAD88075 1.37 0.47 37%
S68363 1.17 0.27 17%
st (P  .05) comparing deep hypothermic circulatory arrest protein spot
rnal control (except protein disulfide-isomerase, where the 2 spots were
bases, such as Protein Information Resource (http://pir.georgetown.edu/)
ange, calculated by DeCyder, are given as mean standard error. Values
 for increases in expression (no values between1 and1). Therefore,
ratio change has been converted into percentage change. For a positive
; for a negative ratio change of x, this is calculated as [1 (1/x)] · 100 toP
b)
ed t te
e inte
c data
old-ch
1 to
rage
reasendings are consistent with previous DHCA work,8 in
ber 2006
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Dhich functional impairment of the brain was also demon-
trated. Five of the 6 proteins identified in this study have
ever previously been linked to cerebral injury with DHCA;
his indicates the value of proteomics analysis to discover
ovel proteins of interest. Protein expression changes may
igure 2. All panels are of piglet neocortex. Panels A, C, and E
re representative control samples. Panels B, D, F are represen-
ative experimental samples. Panels A and B are 100 magnifi-
ation light micrographs (stained with hematoxylin and eosin) of
eocortex; micron bar represents 50 m. Panel A shows intact,
ormal neuropil, nuclei (N), and vasculature (V). Panel B shows
vidence of swelling of the neuropil, including swollen and
aryolytic nuclei, and pericellular and perivascular edema. Pan-
ls C and D are transmission electron micrographs at 3000
agnification; micron bar represents 1 m. Panel C shows intact
xons with normal mitochondria (M), as well as an intact plasma
embrane (arrow). In contrast, in panel D the architecture is
isrupted by swollen mitochondria and organelles. There is loss
f plasma membrane, indicative of irreversible cell injury. Panels
and F are transmission electron micrographs at 5000 magni-
cation; micron bar represents 1 m. Panel E shows a normal
ucleus (N), mitochondria (M), endoplasmic reticulum (ER), and
n intact plasma membrane (PM). In contrast, panel F exhibits
aryolysis, chromatin clumping, and edema. Mitochondria appear
wollen. Flocculent deposits are present in mitochondria (arrow);
his also denotes irreversible cell injury. DHCA, deep hypother-
ic circulatory arrest.eflect de novo protein synthesis or post-translational mod- o
The Journal of Thoracicfications, for example, phosphorylation, glycosylation, and
leavage by proteases. The acuteness of this study must
reclude de novo synthesis from gene transcription through
o mRNA translation, and expression changes in this study
ust be post-translational.
ApoA1 is the predominant protein found in high-density
ipoproteins and contains amphipathic -helical segments
esponsible for surfactant properties of the particles.15 There
re, however, increasing reports linking apoA1 to roles
utside of blood cholesterol metabolism. It has been sug-
ested as a biomarker for colorectal cancer and may have a
otential anti-inflammatory role by modulating T-cell and
acrophage interaction.16,17 Brain cholesterol homeostasis for
evelopment and maintenance is met entirely by cholesterol
ynthesis within the central nervous system.18 ApoA1 has been
dentified in human brain and its down-regulation has been
ound in human adult brain when compared with fetal,
hrough proteomic studies using MALDI-MS for protein
dentification.19 In a proteomics study of Alzheimer disease,
erebrospinal fluid (CSF) levels of 2 isoforms of apoA1
ere reduced in Alzheimer patients.20 Although its role is
ot clear, apoA1 has been clearly linked to neurologic
amage. Saito and associates21 demonstrated marked in-
rease in CSF apoA1 concentrations in polio-infected ma-
aques, the level of which correlated with the degree of
eurologic impairment, as well as the level of neuronal
istologic injury. No changes in serum concentration were
ound, suggesting neurologic production of apoA1. In
tudying CSF lipoproteins after human traumatic brain in-
ury, Kay and colleagues18 found CSF levels of apolipopro-
ein E fell significantly, and although CSF levels of apoA1
emained unchanged, the apoA1-containing particles be-
ame much smaller, implying remodeling of the lipoprotein
articles in the central nervous system. This again suggests
role of lipoproteins in central nervous system injury.
A recent study by Yang and coworkers,22 using pro-
eomic methods, found increased expression of apoA1 in
ippocampus of patients with drug-resistant mesial tempo-
al lobe epilepsy. Using immunohistochemistry, they sug-
ested that apoA1 was mainly found to be extravascular and
oncluded that extravasated apoA1 secondary to impaired
lood-brain barrier function was likely responsible for the
ncreased expression and as such extravasated plasma protein
an confound proteomic brain studies. Yang and coworkers22
xamined a very select group, patients with severe refractory
pilepsy who underwent neurosurgical intervention, and
ompared them with control brain tissue obtained via au-
opsy, with postmortem delays of 6 to 11 hours. Such delay
ill undoubtedly have changed the protein milieu in tissue
s sensitive as brain. Neurosurgical trauma at the time of
issue harvest, as well as a control group in which protein
xpression was certain to be abnormal, makes interpretation
f their results difficult. The authors do not explain why
and Cardiovascular Surgery ● Volume 132, Number 4 825
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CH
Dncreased expression of many other plasma proteins was
lso not seen in the brain tissue. Our study has found that
HCA is associated with a decrease in 2 polypeptides that
rise from apoA1 precursor protein. Their decrease may
eflect degradation by a protease, and their subsequent loss
ay contribute to the cerebral cellular injury. Both of these
eptide fragments had MWs of 15 kDa, which is half of that
f the intact protein. What the significance of these proteins
s and their potential role in the pathogenesis of cerebral
njury is not answered in this work and requires further
tudies.
Plasma apoA1 levels fell with DHCA. As post-DHCA
ematocrit values were not significantly different from
aseline, the fall in apoA1 concentration does not reflect
emodilution. ApoA1 has been described as a “negative”
cute phase protein, levels falling with inflammatory con-
itions such as rheumatoid arthritis.23 After DHCA, dimin-
shed apoA1 plasma levels may serve as a biomarker of
erebral injury.
Neurofilament proteins are the most important of the
ytoskeletal proteins of neuronal axons.24 Classified as type
V intermediate filaments, these heavily phosphorylated
olymer proteins comprise 3 neurotriplet proteins: light
NFL), medium (NFM), and heavy chains (NFH). There are
any reports in the literature linking neurofilament proteins
o neurologic disease states such as Alzheimer disease and
ultiple sclerosis.25 CSF levels of NFL in cardiac arrest
urvivors has been correlated to poor long-term outcome.26
o our knowledge, NFM has never been linked to DHCA.
e found 2 fragments of NFM, with MWs of 52 and 54
Da, and a mean increase in level of 66%. Identified in the
rotein databases as recognized fragments of NFM (theo-
etical MW 59.9 kDa), the actual parent NFM protein is 160
Da. It is likely that these represent products of protease
ctivity. In vivo, neurofilament degradation has been found
o be mediated by calmodulin. Identification of the putative
rotease and its antagonist may lead to novel neuroprotec-
ive agents.
NSE is a cytosolic enzyme, a homodimer that catalyses
onversion of 2-phospho-D-glycerate to phosphoenolpyru-
ate in the glycolysis pathway. NSE has been described
xtensively in the literature as a marker of brain injury,27
ncluding in the setting of cardiac surgery. NSE is also
ound in erythrocytes and platelets; hemolysis during car-
iac surgery may confound interpretation of NSE after
ardiac surgery. Nevertheless, serum NSE levels have been
orrelated with neurocognitive outcome in adults undergo-
ng coronary artery bypass.28 We found decreased expres-
ion of NSE with DHCA. This probably reflects leakage out
f neuronal cells.
Protein disulfide-isomerase is an endoplasmic reticulum
nzyme that not only catalyzes formation and/or rearrange-
ent of protein disulfide bridges, but is also a chaperone, i
26 The Journal of Thoracic and Cardiovascular Surgery ● Octoamely a protein that catalyzes the folding of other proteins
nto their correct tertiary structures.29 Chaperones also play
n important role of preventing the aggregation of mis-
olded proteins. Up-regulation of this protein in glial cells
ppears to confer resistance to ischemia-induced apopto-
is.30 We found a 27% increase in the expression of this
rotein, perhaps reflecting reactionary protective cellular
echanisms to the ischemia of DHCA. Methods to in-
uce up-regulation of this protein may be neuroprotec-
ive. We also found a hypothetical chaperone protein that
ad a 59% increase in level. This protein needs further
haracterization.
CHMP4b showed a 28% fall in expression with DHCA.
he CHMP family is a group of proteins that are involved
ith intracellular vesicle transport31 and lead to the forma-
ion of “endosomal sorting complex required for transport”
omplexes. These complexes traffic the endosomal cargo of
ultivesicle bodies, a specific morphologic form of endo-
ome, and comprising transmembrane proteins, to lyso-
omes for degradation. It is unclear at present what role this
lays in cerebral injury with DHCA.
Traditionally, scientific research entails surmising a hy-
othesis and testing it. However, current knowledge will
imit hypothesis postulation. By taking a global view with-
ut presupposing for any proteins, we discerned novel pro-
eins. This is the first study to link the proteins found (with
he exception of NSE) to cerebral injury after DHCA and
pens the door to further studies to elucidate the potential
oles played by these proteins in the pathogenesis of DHCA
erebral injury. This may lead to novel neuroprotection
trategies in DHCA. A limitation of this study is that actual
hanges in protein expression have not been revealed, for
xample, what post-translational modifications take place or
hat proteases have been activated to cause peptide cleav-
ge. This study does not delineate cause or effect for the
dentified proteins. This will need further work. There are
everal pathophysiologic processes active in the DHCA
roups compared with the controls. As an initial study, we
ttempted to exclude any effects resulting from anesthesia
nd surgical trauma, thereby examining changes resulting
rom the cumulative processes of DHCA, namely, CPB,
ypothermia, rewarming, global ischemia, and reperfusion.
tudies can be undertaken to further dissect the protein
hanges associated with each of these pathophysiologies.
In summary, we have characterized the acute protein
xpression changes seen in a clinically relevant model of
HCA, in which marked cerebral injury was demonstrated.
ovel proteins have been identified that may play a role in
he pathogenesis of cerebral injury such as apoA1 and could
erve as new targets for neuroprotection. Diminishing
poA1 plasma levels may serve as a biomarker for cerebral
njury.
ber 2006
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iscussion
r John G. Byrne (Nashville, Tenn). How do you see this used as
tool clinically going forward in 3 to 5 years?
Dr Sheikh. The importance of this study is in trying to estab-
ish the pathogenesis of brain injury at a molecular level. This
eing a very preliminary study; we have to be careful about
verreaching our conclusions and taking it to a clinical application.
owever, we have taken a very old problem that has been exten-
ively studied, namely DHCA in CPB, and without presupposing
or any proteins, we have actually examined globally for all the
rotein changes that are taking place simultaneously. This has
llowed us to therefore identify proteins that have not been previ-
usly thought about or linked to circulatory arrest. Further studies
o elucidate the role of these proteins may help in determining or
oming up with neuroprotective strategies, particularly pharmaco-
and Cardiovascular Surgery ● Volume 132, Number 4 827
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CH
Dogic neuroprotective strategies, which are currently lacking in
HCA.
Dr Marc Ruel (Ottawa, Ontario, Canada). As you know, with
roteomics, as with other genomic methods, there is a huge po-
ential for false negatives and false positives. Can you tell us how
ou went around that? For instance, how many proteins did you
est for in the assay that you used?
Also, some of the changes in translation levels of your proteins
re rather modest, in my opinion, such as 15% and 28%. One
ould expect higher fold-changes than this. Were these changes
ound in all animals (I think your N was 7 or 8 per group) before
ou actually called the change a significantly positive one?
Finally, with MS you tested for positive findings, but did you
lso validate some proteins that showed no change to see whether
his lack of change was real?
Dr. Sheikh. First of all, the number of proteins is actually
icked up by the software analysis of the gel images themselves.
e found somewhere in the region of just over 2000 proteins.
The Student unpaired t test was used to identify cerebral protein
pots that underwent significant change between our control and
xperimental groups. Proteins found to be statistically significant
howed a consistent change in all or nearly all animals.
In relation to the MS, we did not look at negative proteins;
owever, the data from MS yields several scores. We received 3
cores in total for each protein, and the level of the scores is
ndicative of how accurate the identification is from MS. Impor-
antly, for 9 of the 10 spots that we found, which went on to be i
28 The Journal of Thoracic and Cardiovascular Surgery ● Octodentified as 6 proteins, the MS scores were unambiguous, and
herefore we are satisfied that they are indeed the true protein
dentifications. The tenth protein spot yielded ambiguous scores,
nd therefore we have not included this protein in our conclusions.
Dr Beat H. Walpoth (Geneva, Switzerland). I have a question
oncerning your model. I am not too sure whether your control
roup is adequate for such sensitive assays, since the pig shows
rofound changes even in normothermic CPB.
Dr Sheikh. The choice of the control group was slightly
ifficult because this is the first time this sort of study has being
ndertaken in this particular problem. We were seeking to have
control group whereby we would have sufficient difference so
hat we would actually identify protein changes. To this end, a
ontrol group could be anywhere between a native piglet with
o anesthesia or sternotomy or heparinization to a piglet that
ndergoes full CPB but does not undergo the 1 hour of DHCA.
n fact, our future work is actually looking specifically at the 1
our of DHCA.
Does that answer your question?
Dr Walpoth. That answers the question. So, it is not specific
or hypothermia at the moment?
Dr Sheikh. Yes. What we were also seeking to do was to
ave a clinically relevant model and use the proteomic tech-
ique to see how it works in a clinically relevant model.
herefore, we do accept that there are several pathologic pro-
esses going on there: CPB, hypothermia, rewarming, as well as
schemia/reperfusion.
ber 2006
Appendix E1
25 mmol/L DHCPC lysis buffer: 7 mol/L urea, 2 mol/L
thiourea, 15 mmol/L DHPC (1,2-diheptanoyl-sn-glycero-3-
phosphatidylcholine), 0.5% Triton X-100, 30 mmol/L Tris, 5 L
protease inhibitor solution (1 tablet of Complete [Roche Diagnos-
tics Corporation, Indianapolis, Ind] in 1 mL Tris).
Lysis buffer: 8 mol/L urea, 4% CHAPS (3[3-cholaminopro-
pyl diethylammonio]-propane sulfonate), 20 mmol/L Tris,
pH 8.0.
2X buffer: 8 mol/L urea, 4% w/v CHAPS, 20 mg/mL dithio-
threitol, 2% v/v Pharmalyte (GE Healthcare) (pI 4-7 for brain
samples, and 3-10 for plasma samples).
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TABLE E1. Perioperative variables
Control (n  5) DHCA (n  5)
Weight (kg) 3.2 0.2 3.3  0.8
Mean arterial blood pressure (mm Hg)*
Before arrest 44 3.5 40  5.5
After arrest 37 3.0 54  16.8
Prearrest temperature (°C) 37.1 0.8 36.4 0.6
Arterial PCO2 (mm Hg)
Before arrest 34 15 36  8.1
After arrest 40 3.0 41.2  8.8
Hematocrit (%)
Before CPB 24 3.4 25  3.7
After CPB 23 5.9 27  7
Repeated-measures analysis of variance was applied to blood pressure, arterial carbon dioxide tension (PCO2) and hematocrit. Student unpaired t test was
applied to weight and prearrest temperature. Values are means  standard error. *Mean arterial pressure showed significant group-intervention effect
(P  .03), decreasing with time in controls, but increasing after DHCA in experimental piglets. All other parameters were not statistically significant.
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